Introduction {#sec1}
============

Self-assembled monolayers (SAMs) play a central role in modern surface chemistry and nanoscience with a wide range of applications in e.g. medicine, sensing, molecular electronics, and catalysis.^[@ref1]−[@ref5]^ In this context, alkanethiolates on the Au(111) surface are representative of a large class of SAMs formed by adsorbates with a headgroup that has a strong interaction with the substrate, a hydrocarbon backbone, and an end-group possibly providing functionalization. SAMs on low-index metal facets such as Au(111) can also be considered as prototypes for ligand-functionalized nanoparticles,^[@ref6]−[@ref8]^ which are an important subset of SAM systems.

A key challenge for experimental and theoretical studies alike is to map out the phase diagram of SAMs as a function of the chemical environment and the length of the alkyl chain. From a theoretical perspective, the main tool in analyzing the stability of different surface structures is provided by density functional theory (DFT), for which a longstanding issue is the treatment of dispersive, or van der Waals (vdW), interactions. This has put severe limitations on predictions made for alkyl chains extending beyond one or two methylene units. Here we demonstrate with the aid of recent advances in dispersion-corrected DFT a quantitative ab initio description of the phase diagram of alkanethiolate SAMs on Au(111). In addition to providing new insight into the system, this establishes a stepping stone for future work aimed at understanding SAMs in general.

Stable alkanethiolate SAMs are readily prepared from solution under ambient conditions or from physical vapor deposition in ultrahigh vacuum (UHV).^[@ref1]^ The preparation can start either from thiols, RSH, or dialkyl disulfides, (RS)~2~, where R = R~*n*~ ≡ (CH~2~)~*n*~CH~3~. In either case, the molecules will adsorb dissociatively as thiolates. It was initially uncovered that this could lead to at least two types of high coverage SAM structures. In the simplest case, the thiolates are arranged in a (√3 × √3)*R*30° structure.^[@ref9],[@ref10]^ The other possibility involves more complicated geometries described by a (3 × 2√3)rect unit cell or, equivalently, a *c*(4√3 × 2√3)*R*30° cell.^[@ref11],[@ref12]^ It is common to reference this structure to the (√3 × √3)*R*30° mesh, rather than the primitive mesh as typically done with Wood's notation. Accordingly, it is denoted "*c*(4 × 2)", here surrounded by quotation marks as a reminder of the nonprimitive reference mesh. In both the (√3 × √3)*R*30° and the "*c*(4 × 2)" structure, the molecules adopt standing-up (SU) configurations with the molecular axes tilted by about 30° off the surface normal.^[@ref13]^ It should be noted that these two, however, are not the only possible saturation coverage structures. For short chain alkanethiolates with no more than one CH~2~ unit, a 3 × 4 structure has been reported as stable up to room temperatures.^[@ref14]−[@ref16]^

In order to reconcile conflicting data regarding the preferred binding site of the thiolates, it was later proposed that the surface may reconstruct upon adsorption.^[@ref17]−[@ref23]^ For the "*c*(4 × 2)" structure, adsorption geometries involving RS--Au--SR complexes have been shown to match experimental data^[@ref22],[@ref24]−[@ref26]^ in addition to being energetically favorable compared to other proposals according to DFT calculations.^[@ref5],[@ref27]^

The phase diagram is further complicated by the existence of an ordered lying-down (LD), or striped, phase present at low-coverage for thiolates with medium to long alkyl chains. The LD phase structures are characterized by the adsorbate molecular axes being nearly parallel to the surface and frequently studied chain lengths include *n* = 5, 7, 9, and 11.^[@ref28]−[@ref31]^ While the phase behavior varies with the number of CH~2~ units, many of the observed LD structures can be described by unit cells of the form (*p* × √3)rect where *p* is such that the resulting periodicity is roughly twice the length of the fully extended thiolate.^[@ref28],[@ref32]^

To probe the phase diagram with DFT calculations, one must be able to account for (1) the metallic bonding in the gold substrate, (2) the covalent bonding in the alkyl chain as well as between the headgroup and the surface, and (3) the dispersive chain--chain and chain--substrate interactions. This poses a formidable challenge since in conventional exchange-correlation (XC) functionals of e.g. GGA-type the dispersive interactions are omitted by construction. However, during the past two decades, several methods^[@ref33]−[@ref37]^ with various level of sophistication have been proposed for dispersion-corrected DFT calculations. A rigorous approach is provided by the van der Waals density functional (vdW-DF) framework^[@ref38]−[@ref40]^ where a suitable GGA-type exchange functional is augmented with a nonlocal correlation term.^[@ref41]^ One of the advantages with this approach is that the first-principles nature, and therefore also the predictive power, of the calculation is preserved.

Previously, the thermodynamics of short-chain SU phase structures has been investigated^[@ref42],[@ref43]^ using the ab initio thermodynamics method.^[@ref44]−[@ref46]^ This approach enables the determination of the stability of adsorbate structures with different coverage and under variable thermodynamic conditions. What has been missing, however, is the extension of such an analysis to long-chain alkanethiolates, where vdW interactions must be properly accounted for in order to describe the LD and SU phases. While previous dispersion-corrected DFT studies have been devoted to understanding the geometry and interaction in SU structures, the LD phase has rarely been addressed^[@ref47]^ and not from a thermodynamic perspective. In the present work, our objective is to provide a phase diagram that includes both LD and SU phases.

To describe the different interactions in the system on an equal footing, we employ the recently developed vdW-DF-CX (CX) functional.^[@ref48]^ This allows for the calculation of the adsorption energy scaling with chain length, *n*, in both the SU and LD phases. Such calculations have previously been carried out for the SU phase using empirical corrections^[@ref47],[@ref49]^ as well as earlier incarnations of the vdW-DF functional,^[@ref50]^ but no firm connection to experimental results has been made. After establishing the *n*-dependence of the adsorption energy in the LD and SU phases, we show that a decisive comparison to experiment can be made. Using the adsorption data as input to an ab initio thermodynamics model yields a quantitative picture of the origin of dispersion-driven phase transitions in alkanethiolate SAMs as a function of the chemical environment. In particular, an (*n*, *T*) phase diagram is constructed and we show qualitatively the impact of the conformational entropy on the final shape of the phase boundaries.

Methodology {#sec2}
===========

Thermodynamical Model {#sec2.1}
---------------------

In this section we review the thermodynamical model employed to study the energetics and phase stability of alkanethiolate SAMs on Au(111). We consider an interface region of Au(111) surface in contact with a gas-phase reservoir of (RS)~2~ molecules, which can absorb dissociatively on the surface. In the simple case of two adsorbate structures with identical coverage, the stable structure at arbitrary (*T*, *p*) is determined by the adsorption energywhere Δ**E**~ads~ \< 0 is the condition for exothermic adsorption with respect to the clean, unreconstructed surface. On the right-hand side of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *E*~surf:RS~ is the energy of the surface plus adsorbate system, *E*~surf~ is the energy of the clean surface, *E*~(RS)~2~~ is the energy of a (RS)~2~ molecule in vacuum, and *N*~RS~ is the number of adsorbed thiolate fragments. The last term accounts for the possibility of surface reconstructions upon adsorption and is given by the bulk energy per gold atom *E*~Au~^bulk^ times the change in the number of gold atoms Δ*N*~Au~. We express this change as Δ*N*~Au~ = *N*~a~ -- *N*~v~, where *N*~a~ is the number of adatoms and *N*~v~ is the number of vacancies. It is convenient to also define the average adsorption energy per thiolate fragmentand for the remainder of this text we shall take the term adsorption energy to refer to this expression instead of [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.

When examining the relative stability of the SU and LD phases, it becomes necessary to compare structures with different coverage. The quantity that must then be minimized is not the adsorption energy but rather the surface free energy γ~ads~. If the adsorbate structures share the same underlying crystal facet, in the present case {111}, it suffices to consider Δ*γ*~ads~, the surface free energy relative to that of the clean surface. The change in Gibbs free energy corresponding to the formation of an adsorbate phase of area *A* is then given by Δ*G* = *A*Δγ~ads~. The surface free energy can be calculated aswhich is a linear function of the chemical potential of the gas-phase μ~RS~ that contains all the temperature and pressure dependence. The slope of the line is directly proportional to the coverage Θ = *N*~RS~*A*~prim~/*A*, where *A*~prim~ is the area of the primitive surface cell. If, on the other hand, the underlying crystal facets are not identical, differences in the energy of the clean surfaces must be accounted for and the total surface free energyis minimized instead. For a general set of adsorbate structures, the thermodynamic stability can be compactly represented by taking the convex hull of the corresponding set of (γ~ads~, μ~RS~^gas^) lines.

In [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} several contributions, chiefly vibrational in nature, to the free energy are neglected as indicated by the approximate equality. This is motivated by the fact that the full surface free energy contains differences between similar terms, for which it is reasonable to assume a partial cancellation. For instance, the difference in vibrational entropy between a molecule on the surface and a molecule in the reservoir is often small.

The remaining free energy contributions from the gas-phase are contained in the relative chemical potential μ~RS~, which assuming ideal-gas behavior, takes the formHere, μ~(RS)~2~~^gas^(*T*,*p*°) is composed of the translational and rotational contributions at the reference pressure *p*° = 1 atm.

So far we have not taken into account the configurational entropy, which enters in the surface free energy as a difference between adsorbates and molecules in the reservoir. While this contribution is small for short alkyl chains, the same cannot be expected when the chain length increases, since molecules in a monolayer structure are much more limited to adopt different conformations. For gas-phase alkanes and related compounds such as thiols, one can use a simple rotational isomeric state model^[@ref51],[@ref52]^ to estimate the conformational free energy. In this model the number of conformations achievable by applying one or more gauche(±) defects along an all-trans alkyl chain are counted. The partition function is given byIn this expression, *w* = exp(−Δ*E*~g~/*k*~B~*T*) where Δ*E*~g~ denotes the formation energy of a gauche defect and *x*~1,2~ = 1 + *w* ± (1 + 6*w* + *w*^2^)^1/2^.

Computational Setup {#sec2.2}
-------------------

The total energies were evaluated by means of DFT calculations using the Vienna ab initio simulation package^[@ref53]^ (version 5.3.3), which uses plane wave basis sets^[@ref54]^ and the projector augmented wave method.^[@ref55],[@ref56]^ To give an accurate description of the different interactions in the system, the CX functional^[@ref48]^ was employed, which was recently implemented in VASP.^[@ref57]^ For comparison, a subset of the calculations were also carried out with the PBE functional.^[@ref58]^

The clean and the adsorbate-covered surfaces were represented using slab models consisting of five atomic layers of gold and one adsorbate-covered side. A vacuum region of 16 Å was introduced in the direction of the surface normal. Similarly, the energies of the free dialkyl disulfides were calculated in a cubic cell with a side length of 16 Å. The calculations were performed with a plane wave cutoff energy of 400 eV and the Gaussian electronic-smearing scheme of width σ = 0.2 eV. The atomic positions were allowed to relax until the forces were less than 20 meV/Å. Adsorption of alkanethiolates was investigated for both SU and LD phases. The SU phase structures were realized in (3× 2√3)rect unit cells to ensure as much error cancellation as possible and a 4 × 4 × 1 Monkhorst--Pack grid was used for Brillouin zone integrations. In the LD phase, the computational expense grows rapidly with increasing chain length. For this reason, minimal unit cells were used for all the LD phase calculations. In the case of hexanethiolate adsorption, this included unit cells of (8 × √3)rect, (8 × 2√3)rect, (5√3 × √3)*R*30°, and (5√3 × 2√3)*R*30°, for which the Brillouin zone integration was carried out on 2 × 8 × 1, 2 × 4 × 1, 2 × 8 × 1, and 2 × 4 × 1 *k*-point grids, respectively. Configurations were analyzed and visualized using OVITO.^[@ref59]^

Results and Discussion {#sec3}
======================

Bare Substrate {#sec3.1}
--------------

Lattice constants of *a*~0~^CX^ = 4.09 Å and *a*~0~^PBE^ = 4.16 Å were calculated by relaxing the Au bulk fcc structure. The experimental value is *a*~0~^exp^ = 4.078 Å,^[@ref60]^ and thus CX significantly mitigates the overestimation of the lattice constant characteristic of PBE calculations of Au. It turns out that CX also gives a better description of the energetics of the gold surface as illustrated by the surface energy of the clean gold (111) facet, denoted γ~clean~^111^. A value of γ~clean~^111^(CX) = 1.19 J/m^2^ was calculated with CX while the corresponding PBE value is γ~clean~^111^(PBE) = 0.71 J/m^2^. A comparison to the experimental value γ~clean~^111^(exp) = 1.50 J/m^2^ given in ref ([@ref61]) demonstrates that CX represents a significant improvement compared to PBE. These results suggest that caution has to be taken when comparing reconstructed and unreconstructed surfaces at the PBE level. Some of the earlier versions of the vdW-DF functional also give unreliable descriptions of the gold substrate, for instance with the original vdW-DF1^[@ref38]^*a*~0~^DF1^ = 4.24 Å and γ~clean~^111^(DF1) = 0.69 J/m^2^.

Adsorption Geometries {#sec3.2}
---------------------

A total of eight different adsorption geometries were investigated for the LD and SU phases ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The saturation coverage geometries **1**--**4** have been suggested in previous studies;^[@ref26],[@ref62],[@ref63]^ they are shown here for the case of methylthiolate (MT) adsorption to provide an unobstructed view of the binding to the substrate. As the chain length increases, the unit cells remain unchanged and the thiolates adopt their characteristic, slightly tilted, SU configurations. **1** is a (√3 × √3)*R*30° structure realized in a larger (3 × 2√3)rect unit cell to facilitate comparison with the "*c*(4 × 2)" structure. There are four MT molecules adsorbed at bridge-fcc positions. The remaining SU geometries **2**--**4** are all candidates for the "*c*(4 × 2)" structure. **2** features one RS--Au--SR complex for which the bonding of the sulfur atoms to the surface is mediated by an Au adatom while two MT molecules are adsorbed directly at the surface around a vacancy. In **3** and **4** there are instead two RS--Au--SR complexes per unit cell. **3** has the two complexes adsorbed in equivalent positions, in contrast to **4** where two nonequivalent positions are occupied. As previously mentioned, in the specific case of very short thiolates such as MT or ethylthiolate, there is evidence suggesting that a (3 × 4) structure with a geometry based on RS--Au--SR complexes is the true saturation coverage phase. For the intermediate chain lengths, with which we are primarily concerned with in this work, this phase is, however, superseded in favor of "*c*(4 × 2)" structures.^[@ref64]^ Hence, we consider only the latter, which is relevant for the study of phase transitions between the LD and SU phases.

![Eight different adsorption geometries for the standing-up and lying-down phases on Au(111). The standing-up structures **1**--**4** have unit cells that are independent of chain length, illustrated here for adsorption of methylthiolate. **5**--**8** feature hexanethiolate in the lying-down phase, for which the unit cells are specific to the chain length. The atoms are colored according to Au (gold), C (gray), H (white), S (yellow), and Au adatom (red).](jp-2016-03283y_0001){#fig1}

The geometries **5**--**8** show LD structures for hexanethiolate (HT). This particular chain length was chosen because it features pronounced dispersion effects and is a feasible target for DFT calculations in terms of system size. **5** has two HT molecules in a (8 × √3)rect unit cell and is a member of the (*p* × √3)rect family of structures. The thiolates are arranged in head-to-head configurations with the sulfur atoms forming rows along ⟨12¯1⟩. In addition to **5**, STM imaging has suggested the similar structure **6**, which has slightly higher coverage and can be described by a (5√3 × √3)*R*30° unit cell. **5** and **6** can be extended to the case of Au-adatom-mediated bonding as seen in **7** and **8**. Here, the RS--Au--SR complexes are found in head-to-head configurations and the unit cells are (8 × 2√3)rect and (5√3 × 2√3)*R*30°, respectively.

Adsorption Energies {#sec3.3}
-------------------

The adsorption energies of the geometries **1**--**8** are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} along with a summary of the minimal unit cells and coverage. Recalling the sign convention that implies exothermicity, we see that among the SU phase structures **1**--**4** both CX and PBE predict that **4** is the most stable.[a](#fn1){ref-type="fn"} Although dispersion effects are not expected to be significant for adsorption of MT, the more accurate description of the gold substrate energetics obtained with CX alleviates some of the concern that PBE might yield a spurious ground state structure.

###### Summary of the Basic Structural Information and Energetics of the Investigated Adsorption Geometries **1**--**8**[a](#tbl1-fn1){ref-type="table-fn"}

                                                                     ~ads~ (eV)   ~ads~ -- ~ads~^ref^ (eV)   (meV/Å^2^)           
  --- ------- ----------------------------------------------- ------ ------------ -------------------------- ------------ ------- --------
  0   **1**   (√3 × √3)*R*30°                                 1/3    --0.78       --0.30                     +0.13        +0.27   --35.8
      **2**   (3 × 2√3)rect[b](#t1fn1){ref-type="table-fn"}   1/3    --0.79       --0.39                     +0.12        +0.18   --36.1
      **3**   (3 × √3)rect                                    1/3    --0.87       --0.55                     +0.04        +0.02   --40.1
      **4**   (3 × 2√3)rect                                   1/3    --0.91       --0.57                     0            0       --42.0
  5   **5**   (8 × √3)rect                                    1/8    --1.44                                  +0.05                --24.8
      **6**   (5√3 × √3)*R*30°                                2/15   --1.45                                  +0.04                --26.7
      **7**   (8 × 2√3)rect                                   1/8    --1.48                                  +0.01                --25.5
      **8**   (5√3 × 2√3)*R*30°                               2/15   --1.49                                  0                    --27.4

The first four columns contains the chain length, the index in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the minimal unit cell, and the coverage. The next two columns list the adsorption energy per molecule, both as an absolute value and relative to the most stable geometry. The final column is the surface averaged adsorption energy.

Equivalent to "*c*(4 × 2)".

Clearly, there is a quantitative difference between CX and PBE in terms of the calculated adsorption energies, with CX consistently yielding larger values by a factor 2--3. Whether this difference puts the adsorption energies closer to experimental values is difficult to gauge. Temperature-programmed desorption (TPD) measurements^[@ref65]^ suggest that MT desorbs as dimethyl disulfide with a desorption energy of about 0.65 eV. This would indicate that CX overestimates the adsorption energy by either 0.1 or 0.26 eV comparing to **1** and **4**, respectively. The corresponding numbers for PBE are instead underestimations by 0.42 and 0.17 eV. As formation of a disulfide from the adsorbed thiolates requires several reaction steps, it is difficult from the TPD comparison alone to conclude which XC functional that most accurately describes the gold--sulfur bond.

In terms of the LD phase structures **5**--**8**, an adatom-based geometry **7**(**8**) is more stable than its unreconstructed equivalent **5**(**6**), which can be concluded based only on their values ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Note, however, that to compare the stability of **5** and **6** would strictly require us to look at the surface free energy since the coverage differs between the two. Furthermore, the overall differences in the adsorption energies are small, indicating that the energy landscape is relatively flat.

The presence of Au adatoms in the LD phase has previously been considered primarily on the basis of STM imaging.^[@ref22],[@ref66],[@ref67]^ Here, in addition to a lower adsorption energy ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), another argument in favor of adatom-based adsorption geometries in the LD phase can be found by considering the preferred adsorption sites ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) where the two sulfur atoms in one unit cell are shifted asymmetrically off the bridge positions. In contrast, there is experimental data suggesting on-top adsorption of HT,^[@ref31]^ which would by our CX calculations, leads to an increase in adsorption energy by 0.08 eV. This discrepancy could be resolved with the adatom-based structures **7** and **8**, similarly to how adsorption geometries with RS--Au--SR complexes are proposed to solve the corresponding puzzle of the geometry of the "*c*(4× 2)" structure.^[@ref68]^

Chain Length Effects {#sec3.4}
--------------------

To gain a quantitative understanding of the importance of dispersion interactions for alkanethiolate SAMs, we studied the chain length dependence of the adsorption energy. The (√3 × √3)*R*30° structure **1** and the most stable "*c*(4 × 2)" structure **4** were selected to represent the SU phase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and their chains were extended up to a total of *n* = 7 methylene units (octanethiolates). For the LD phase, (*p* × 2√3)rect unit cells were created to accommodate thiolates with adsorption geometries identical to that in **7** for *n* in the range 3--7.

The scaling of the respective adsorption energies with chain length ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) plainly illustrates the failure of PBE to describe dispersive interactions since no increase in stability is found going beyond methylthiolate. In contrast, CX yields adsorption energies that decrease approximately linearly with *n* for both the SU and the LD structures. By a careful comparison, it is possible to show that the CX result is in quantitative agreement with experimental data. The reference is provided by TPD measurements of desorption energies of alkanethiols RSH from a physisorbed state, implying that the binding comes purely from the chain--substrate (ch--sub) interaction which is estimated to be .^[@ref65]^ Turning to our CX calculations, the slope of the linear decrease of the adsorption energy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), denoted , represents the average change in adsorption energy per CH~2~ unit. For the SU structures only chain--chain (ch--ch) interactions are present, and thus for **4** we have = = −0.10 eV/CH~2~. In the LD phase, both ch--ch and ch--sub interactions contribute, yielding = + = −0.12 eV/CH~2~. Using the fact that a thiolate in a LD configuration only has half as many neighbors as it would have in a SU configuration, we can estimate = -- /2 = −0.07 eV/CH~2~. Clearly, this value is in excellent agreement with the experimental , which measures the same interaction.

![Adsorption energy as a function of the alkyl chain length for both standing-up and lying-down adsorbate geometries. CX reproduces the experimentally observed adsorption energy scaling and predicts a crossing point where adsorption in lying-down geometries becomes energetically favorable. The PBE results show an inconsistent behavior due to the lack of dispersive interactions.](jp-2016-03283y_0002){#fig2}

An important observation is the fact that the adsorption energy scaling with chain length is steeper in the LD phase than in the SU phase ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). For short alkyl chains, a configuration with LD molecules is energetically less favorable than a corresponding SU configuration due to the straining of the Au--S--C bond angle, causing an initial offset in energy in favor of the SU phase. Since the adsorption energy decreases more quickly in the LD phase, there is, however, a crossing point at *n* ≈ 2 beyond which adsorption of the thiolates in LD configurations becomes energetically favorable. This is a necessary condition for the thermodynamic stability of the LD phase, but it is not sufficient since structures with different coverages must be compared as a function of (*T*, *p*).

Surface Phase Diagram {#sec3.5}
---------------------

To study the thermodynamics and interplay between the LD and SU phases for arbitrary (*T*, *p*), a convex hull construction based on the surface free energies as calculated from [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} was carried out for both MT and HT adsorption on Au(111). The resulting phase stability curves give the minimum value of γ~ads~ as a function of μ~RS~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). To relate these curves to experiment, the temperature range corresponding to that of the chemical potential was evaluated from [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} by fixing a pressure *p*~UHV~ = 10^--13^ atm typical of the UHV setting in which the LD phases are studied.

![Surface free energy of adsorption γ~ads~ as a function of the chemical potential of the gas phase μ~RS~^gas^ and temperature for adsorption of (a) methylthiolate and (b) hexanethiolate. In both cases the "*c*(4× 2)" structure is thermodynamically stable at low temperatures but is eventually taken over by the clean surface as temperature increases. For hexanethiolate an intermediate phase exists where a lying-down (striped) structure is stable. This phase is absent for exchange-correlation functionals which are not dispersion-corrected.](jp-2016-03283y_0003){#fig3}

For MT in the "*c*(4 × 2)" structure **4**, CX predicts a phase transition temperature *T*~c~ = 355 K ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) in UHV, above which the clean surface takes over as the stable phase. PBE, on the other hand, yields a lower temperature *T*~c~ = 229 K for the same transition. A much more striking difference between CX and PBE is observed for HT adsorption; CX yields a region, 489 K \< *T* \< 519 K, where the LD structure **8** is the thermodynamically stable phase ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), while at the PBE level such a region does not exist. This illustrates, from fully ab initio calculations, how the steeper scaling of the vdW interaction for thiolates adsorbed parallel to the surface ultimately gives rise to the thermodynamic stability of the LD phase. The (8 × 2√3)rect structure **7** has an identical stability region as **8**, and the difference in energy is below the typical accuracy of DFT calculations. Indeed, STM studies of HT adsorption have revealed the existence of two distinct striped phases, ascribed to structures **5** and **6**,^[@ref28],[@ref69]^ which can be thought of as unreconstructed equivalents of **7** and **8**.

The convex hull construction carried out in the case of MT and HT adsorption above can be extended to other chain lengths and used to construct a (*n*, *T*) phase diagram in UHV conditions. To avoid the expensive calculations associated with the LD geometries for long thiolates, the linear relations for the adsorption energy scaling ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) can be used for extrapolation. However, as the chain length increases, one is faced with the complication of having to account for larger contributions from the configurational entropy, *S*~conf~. This is expected to be important since molecules in the gas phase have more conformational freedom than on the surface and the number of accessible conformations increases with *n*. To investigate the impact of *S*~conf~, corrections to the chemical potential in [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} can be introduced using a rotational isomeric state model. For the molecules in the reservoir, if approximated as thiols rather than dialkyl dithiols, the partition function is given explicitly by [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, where the only DFT input needed is the formation energy for a single gauche defect Δ**E**~g~. This energy has a weak dependence on where along the chain the defect occurs, and with CX, the average over the chain is Δ**E**~g~ = 31 meV. In contrast, for a thiolate on the surface the formation energy depends critically on where the defect occurs, in particular single defects away from the terminal methyl group are sterically hindered. Close to the end of the chain, the average formation energy for a defect is Δ**E**~g~ = 110 meV, which is significantly higher than in the gas phase compared to the average thermal energy at relevant temperatures. As a crude approximation, we therefore neglect the contribution to *S*~conf~ from the adsorbate molecules entirely and only apply the rotational isomeric state model correction to the chemical potential mentioned above.

The (*n*, *T*) phase diagram is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} where transition temperatures between the SU, LD and clean surface phases have been calculated directly for *n* ≤ 7 and then further extrapolated up to *n* = 15. The phase transition temperatures increase with the chain length, and starting from *n* ≈ 3, the LD phase emerges as thermodynamically stable with a stability range that also increases with *n*. As anticipated, corrections for the configurational entropy lower the phase transition temperatures, but there is still a relatively strong dependence on *n* and the LD phase stability region is still increasing in size.

![An (*n*, *T*) phase diagram for adsorption of alkanethiolates on Au(111). For short chain lengths the only thermodynamically stable phases are the "*c*(4× 2)" standing-up structure and the clean surface. For medium to long chains there is an additional stable region where the thiolates are in a lying-down (striped) phase.](jp-2016-03283y_0004){#fig4}

Comparison to Experiment {#sec3.6}
------------------------

For each value of the chain length *n*, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} predicts the relative stability, in UHV, as a function of temperature for a set of geometries with coverages corresponding to ordered phases observed in experiments. One way to obtain experimental information on the phase behavior of the system is through TPD measurements, from which it is possible to map out the phase transitions as a function of (*T*, Θ). For each value of the chain length, the information from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} could thus be related to regions of stability on a corresponding (*T*, Θ) diagram, but in practice there are several limitations to consider. First, the phase diagram in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} is incomplete in the sense that only the LD, SU, and clean surfaces phases are included. In reality, there are very likely additional ordered and disordered phases, e.g., a liquid-like phase lying between the SU phase and the desorbed state. Second, the theoretical calculations rely on the assumption of thermodynamic equilibrium between the adsorbate system and the gas phase. In a desorption experiment, on the other hand, global equilibrium may never be established, and intermediate coverages, typically consisting of coexisting regions of two or more phases,^[@ref70]^ are sampled during the desorption.

Generally, it is possible to combine DFT data with a microkinetic model or a kinetic Monte Carlo algorithm to directly simulate a TPD experiment.^[@ref71],[@ref72]^ Such simulations have primarily been carried out for systems with adsorbates without hydrocarbon chains though. For extended thiolates additional complicating factors would arise relating to e.g. the conformational degrees of freedom. Furthermore, a detailed analysis of the dynamics of the melting and desorption of a monolayer could provide further insight into the mechanics underlying many of the experimental observations. The length and time scales involved would, however, require molecular dynamics simulations based on classical force fields. This would not only imply leaving the realm of first-principles calculations but constitute a separate study in its own right.

Keeping the aforementioned limitations in mind, it can still be useful, in the absence of a more detailed analysis using e.g. the simulation methods mentioned above, to compare the phase transition temperatures obtained from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} to typical experimental desorption temperatures obtained for the SU and LD phases. The trend in our calculations is that *T*~c~ increases with *n* for both transitions Au~clean~ → LD and LD → SU ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The experimental data, on the other hand, are seemingly at odds with this result and indicate that the peak desorption temperatures do not vary appreciably with chain length, with typical values of *T*~d~ = 450 K in the SU phase and *T*~d~ = 500 K in the LD phase.^[@ref62],[@ref69],[@ref73]^ A small caveat here is the fact that as demonstrated above, the configurational entropy can significantly alter the phase boundaries for long alkanethiolates in diagrams derived from ab initio calculations. Because of the approximate nature of the correction we applied, there is a higher degree of uncertainty in the phase transition temperatures when the chain extends beyond a few CH~2~ units. Furthermore, when comparing the theoretically calculated *T*~c~ with the experimentally measured *T*~d~, it must be considered that the latter corresponds to a temperature at which the system has enough thermal energy to overcome the barrier for desorption and will thus depend on the kinetics of the desorption process. Indeed, experiments have shown that the adsorbates desorb as disulfides from the SU phase while in the LD phase they desorb as thiolate radicals, indicating that the alkyl chains play an important role although the details remain poorly understood. The discrepancy between the TPD desorption temperatures and the theoretical results presented here could be explained by a final desorption barrier that is independent of the chain length. Such a scenario would be possible if, under the given conditions, the dominant desorption channel consists of thiolates at the edge of a patch. We could then envision a multistep desorption process in which a thiolate molecules migrates from the edge with an *n*-dependent barrier but does not desorb until later, whereby the *n*-dependence is eliminated.

Some of complications mentioned above can be avoided by focusing on the desorption temperature for methylthiolate where there are no chain length effects. In this case, the CX phase transition temperature *T*~c~ = 355 K is significantly closer to the experimental values of around *T*~d~ = 450 K compared to the corresponding PBE value of *T*~c~ = 229 K. These results indicate that PBE does not give a satisfactory description of the bonding even for methylthiolate where vdW contributions are expected to be small. The remaining discrepancy between CX calculations and the desorption temperature could be indicative of the existence of an energetically more favorable geometry or structure.

Conclusions {#sec4}
===========

We have investigated the phase diagram of alkanethiolate SAMs on Au(111) by means of dispersion-corrected DFT calculations using the vdW-DF-CX functional and an ab initio thermodynamics model. The main issue addressed is the thermodynamic stability of the lying-down (LD) and standing-up (SU) adsorbate phases for thiolates with medium to long alkyl chains, where the significant contribution from vdW interactions has previously provided a major obstacle for DFT studies.

Based on calculations of the lattice constant and the clean surface energy, CX provides a better description of the bare gold substrate, both compared to PBE as well as the original version of the vdW-DF functional. Nevertheless, in agreement with earlier PBE results, CX favors a reconstructed geometry involving two RS--Au--SR complexes for the "*c*(4 × 2)" structure. Similarly, in the LD phase, geometries featuring RS--Au--SR complexes arranged in head-to-head configurations are favorable. In the case of hexanethiolate, two structures described by (8 × 2√3)rect and (5√3 × 2√3)*R*30° unit cells exhibit similar stability and provide a possible way of reconciling adatom-mediated bonding in the LD phase with STM measurements.

The importance of including dispersive interactions becomes apparent when thiolates with longer alkyl chains are considered. In this case CX shows a stabilizing effect where the adsorption energies decrease linearly with the number of CH~2~ units in both the SU and the LD phases. At the PBE level, however, such an effect is completely absent. Furthermore, this linear decrease of the adsorption energy is steeper in the LD phase than in the SU phase; when combined with an ab initio thermodynamics model, this leads to a (*T*, *p*)-dependent region of thermodynamic stability for the LD phase. A comparison of the dispersive interaction between the alkyl chain and the substrate to experimental data shows an excellent agreement and indicates the CX is successful in treating all of the interactions in the system on an ab initio basis.

The (*n*, *T*) phase diagram, constructed assuming UHV conditions, reveals that the LD phase emerges as stable for thiolates with *n* ≈ 3 or more methylene units in the chain. The phase transitions temperatures for both the Au~clean~ → LD and LD → SU transitions increase with *n* and in such a way that the stability region increases in size. We show, however, that this temperature dependence is partly counteracted by the configurational entropy, which is calculated for the gas phase in the rotational isomeric state model using several simplifying assumptions.

In light of the phase diagram, several complications arise in the comparison of ab initio thermodynamics studies to TPD experiments. In particular, the relative insensitivity of TPD desorption temperatures to the chain length could be a consequence of the kinetics of the desorption process, given a two-step mechanism where the final barrier is independent of *n*.

The present study sheds new light on dispersion-driven phase transitions in thiolated gold systems and also provides a starting point for further experimental and theoretical work aimed at studying self-assembly systems where dispersion effects are important. Some intriguing prospects include for example investigations of solvation effects and the impact of dispersive interactions on protected nanoparticles.^[@ref74]−[@ref76]^
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For the second most stable geometry **3**, there is a corresponding trans configuration that on the basis of STM measurements has been proposed as a candidate for the "*c*(4× 2)" structure^[@ref22]^ but is 0.04 eV higher in adsorption energy (CX) compared to the cis configuration.
